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NA60+

e New experiment at CERN SPS

o heavy-ion collisions at low centre-

of-mass energies (V(syy ) ~ 5 to — £QCD
17 GeV) — unique tooINt’(\jJ e Phases of QC

investigate the QCD phase ~—NAGo+
diagram at large values of
the baryochemical potential

(200<ug<500 MeV)
e Open points at high pg :
o The first-order of the phase
transition at large yg
o The presence of a critical point

o Chiral symmetry restoration
effects s

. . Matter\
o Properties of QGP at high ug -

o The temperature at which LRI
the onset of Baryon Chemical Potential p,(MeV)
deconfinement occurs

Critical

>
@
>3
)
—
2
©
—
®
Q
=
o
—

Alice Mulliri - INFN 2024 - 26 February 2024 2



NA60+

e Beam energy scan in the range
V(syny ) ~ 5 to 17 GeV and high
interaction rate > 10°Hz

o allows the study of the QCD
phase diagram in the range of
ug 200-500 MeV

e NAGO+ stands out for its exclusive
coverage of the energy range and
interaction rate

° LHCgcan higher temperatures and
U ~

e NA61/SHINE and RHIC scan the
same energy range

o lower interaction rate (factor 100)
and results mostly on soft
processes
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Fixed-target experiments

Heavy ion collisions
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Physics motivations: em probes

e Electromagnetic probes (dileptons)
providing insights into:
o The temperature of the system
via the measurement of

the thermal dimuon mass
spectrum

o Chiral symmetry restoration
effects p-a, chiral mixing

o The order of the phase
transition

o Dimuon elliptic flow: first
measurement at SPS energies

A NAGO+ [CERN ¢

Vsyy range covered by NA60+ — 20 3040 100 200
complementarity with CBM Vs (GeV)

Compilation T. Galatyuk, QM2018
Hades,Nature Phys, 15(2019) 1040

Vs>6 GeV, R. Rapp, PLB 753 (2026) 586
Vs<6 GeV, T. Galatyuk, EPJA 52 (2026) 131
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Physics motivations: hard probes

e Charmonium suppression: signal of the deconfinement
o NA60+ can explore the centrality dependence of J/{ suppression vs \s

e Open charm states: transport properties of the Quark-Gluon Plasma at large ug
o Measure 2 and 3 prong decays of charmed mesons and baryons:

m Ry, v, @ transport coefficients

m A\.,D, D, : study hadronization mechanisms % )/ suppression
observed at top SPS
IQCD [Kaczmarek (2014)] energies
2% IQCD [B j t al.
q:; AdS/c[F;lnerjeee ! *x No open charm
3 Vs =17 GeV D At measurements at SPS
L QPM (Catania) - BM H
§ QPM (Catania) - LV energles
i
3
;U.
2081 NA50: Pb-Pb ’ Also study stran_geness
071 NAG6O: In-In \ — 5 and hypfernuFIel .
0c] R.Arnaldi (NA6O) : (Ll : production via their
05 s i 7= 6 fmlc i hadronic decays

0 50 100 150 200 250 300 350 400 450 ; ; g X
Nparl T/Tc
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NA60+ experimental setup

Muon spectrometer
6 tracking stations
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Vertex region

® MEP48 magnet - 1.5 T available at CERN

® Target system for Pb-Pb configuration: five
1.5 mm thick Pb disks spaced by 12 mm

e Vertex spectrometer: 5 layers of large area
pixel sensors placed at7<z<38cm
starting from the closest target

e Vertex spectrometer requirements for high
charged particle multiplicity in Pb-Pb
collisions:

O Fast readout
O Low material budget
o High granularity and spatial resolution

O Low power consumption

Vertex teI&cope
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19.564 mm
LEFT END CAP

Vertex spectrometer

e Each telescope plane contains 4 large area silicon pixel sensors - state of the art monolithic
active pixel sensors (MAPS)

e Synergy with ALICE ITS3: first prototypes of large area MAPS (MOSS) ongoing tests
o Sensor based on ~25 mm long units, replicated several times through stltchlng up to 15 cm length

for NA6O+

TOP HALF SENSOR UNIT ‘

BOTTOM HALF SENSOR UNIT

21.666 mm:

FOWER PADS
RIGHT END CAP

4 sensors per station

pixel matrix
Beam hole
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0.1% X, materlal budget
< 5 um spatial resolution
<70 mW/cm? power consumption
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Toroidal Magnet S [ s —

e Eight sectors with 12 turns per coil
e Light design — low material budget in the acceptance area

e Prototype (1:5 scale) built and tested in 2020-2021 to check calculations
and investigate mechanical solutions = works as expected

Magnetic field azimuthal [T)

Distance along line [m]

Alice Mulliri - INFN 2024 - 26 February 2024




Muon chambers

e Thick hadron absorber (235 cm of BeO + graphite)
e With a 10 ions/s beam — charged particle rate ~2kHz/cm?

e The rate can be matched by MWPC or GEM

-
-
- -
-

MSO MS
graphite 1 e o0

target plistd

-

e MWPC built and tested at
Weizmann institute and
during testbeam at CERN
SPS in october 2023

O Spatial resolutions: g,~0.5
mm - 0,~0.1 mm

Stony Broaky J Y15 1R OB

University = WEIZMANN INSTITUTE OF SCIENCE
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Beam and radioprotection studies

NA60+ will be installed in the CERN EHN1 - PPE138 area along the H8
beam line

High-intensity (10 ions/s) : \ o2 et §7.47/50
. . . . Constant 0.06463 +0.00115

Heavy shielding of iron and concrete: . Mo 82 + 0,000
o Dose below 3 puSv/h externally to the experiment _ Sigma  0.2785  0.0031

Integration studies for detector and infrastructure were also performed
Collimated beam — a fully re-designed optics

o Testbeam campaign started in 2022 (E=150 GeV): november 2022
- october 2023: promising results (o ~ 280 um)

15 uSvth
3 uSurh
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Thermal dimuons mass spectra

e 2x10’ reconstructed pairs for each energy ® Thermal radiation yield measurable up to 2.5 -

~ 1 month data taking 3 GeV
O minimum bias collisions ~ 20 times the e Extract temperature via fit of the thermal
NA60 with similar background and dimuon spectrum in 1.5<M < 2.5 GeV

better mass resolution

PE:Pb {88.8/GeV NAGG: : Thermal dimuons after the
0-5% central collisions .
subtraction of other

contributions ® ~2% uncertainty on
the T, measurement
e Allows an accurate
mapping of the |/s-
N dependence of T
s N T around T,
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Chiral restoration via p-a; mixing

e 20-30% enhancement is expected in the region 0.8 < M < 1.5 GeV w.r.t. no mixing

® Good sensitivity to the increase of the yield due to the chiral mixing

dN/dM per 50 MeV

Pb-Pb {s 8.8 GeV NA60+
0-5% central collisions

Theoretical prediction from:
R. Rapp, H. van Hees. Physics
Letters B 753 (2016): 586-590

ch

oNAG60+ could clearly
detect a signal of chiral
symmetry restoration

(d°N,/dydM)/(dN _ /dy)(50 MeV)"

| Pb-Pb Vsy=8.8 GeV

i green line = no chiral mixing
i black line = full chiral mixing

A :
1.5 2 25
M [GeV/c?]
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J/W suppression

® Low cross section at low energy: 3x104J/ in 30-days data taking

® p-A mandatory to calibrate break-up of J/{ in cold nuclear matter (needed 3-4 nuclear targets
and 3x108 p/s for 15 days)

NABO+, Jiy — iy . NABO+, J/y — i e ~0(10%) J/Y at Vs
I el - =9.8GeV
cold nuclear matter effects 5> 107 p on targets e ~0(10%) J/P at Vs
=17.3 GeV
e Allows detection of
onset of
anomalous
¢ suppression effects
Pb-Pb E,,, = 50 GeV, down to low SPS
Vsyy = 9.8 GeV ' energy
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Open charm

Decay products reconstructed in the vertex
spectrometer

Geometrical selections on the displaced decay-vertex
topology (ct~60-300 um) to enhance the S/B

All simulations based on 101! minimum bias events in
Pb-Pb collisions (~1 month data taking)

Allows for

. . . Pb-Pb, s\,=17.3 GeV, centrality 0-5%
differential studies

1e+11 MB events

of yield and v, vs py,
y and centrality
NA60+ will be able
to measure D°, D*,
D.;*, A, and
possibly = %+

A = pKm, p,>0

S = 31280 + 490
B (30) = 176699 + 64
S/B (30) = 0.177
Signif (30) = 68.6 + 1.0

Assumption: 0 . = 5 b Ny

EEERaat ¥
Inv. mass pKn (GeV/c?)
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Pb-Pb, | s,,=10.6 GeV, centrality 0-5%
1e+11 MB events
D’ > K, pT>0

S = 369565 + 1219
B (30) = 1028262 + 285
S/B (30) = 0.3594

Signif (30) =312.6 £ 0.9 Assumption: 6,4 = 0.5 pb

1.9 1.95 2
Inv. mass Kn (GeV/c?)

Pb-Pb, s\=17.3 GeV, centrality 0-5%
1e+11 MB events

D; -» o - KK, p,>0

S =196958 + 868
B (30) = 519316 + 264
S/B (30) = 0.3793
Signif (30) =232.7 £ 0.9
Assumption: 0 = 5 ob

2 2.05 2.1
Inv. mass KKnt (GeV/c?)




Strangeness and hypernuclei

e Strange baryons and hypernuclei are abundantly
produced at SPS energies
e Performance studies for K%, A%, ¢, = and Q hyperons:
O Strong improvement in their measurement w.r.t.
the NA49 and NA57 measurements — possibility
of v, measurements

Pb-Pb \s, = 8.8 GeV, centrality 0-5%
A Sp+T, p,>0.0 GeV/c

S = 3103314414 £ 273041

S/B =11.891+0.001

Signif. = 53503 £ 5

Counts / 0.56 MeV/c?

NA60+ Performance b 3<n<5,p >05GeVic

Fit Probability: 0.33
Pb-Pb, {syy = 6.06 GeV Signal (S): 7297 + 515

SHe — “He-+p+ | S/B (3 6): 0.18 £ 0.02
SNS+B (36):30 £2
| = 4839.88 + 0.09 MeV/c?

1.105 1.1 . 112 1125 113 1.135
m (GeV/c?)

e Decay products
reconstructed in the
vertex spectrometer as
for the open charm

Pb-Pb \s = 8.8 GeV, centrality 0-5%

Qi—>A+K—>p+7r+K,pT>0.QGeV/c
S = 157237 £ 2083

S/B=1.12+0.02

Signif. =288 £ 4
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e High precision of for the measurement of the properties of A
hypernuclei

e Possible discovery of light = and Z hypernuclei ' ' ' ~ m@evic)
Alice Mulliri - INFN 2024 - 26 February 2024 16




Timeline

o NAG60+ is part of the CERN Physics Beyond Colliders initiative since 2016 = substantial support on

several technical aspects

e The Letter of Intent (
SPSC in February 2023 with favorable feedback:

The SPSC recognizes the fundamental interest of the measurements proposed by the NA60+ collaboration, which
are focused on electromagnetic and hard probes of the quark gluon plasma at high baryochemical potential. In order for the

) was submitted in 2022 = discussed with CERN

project to proceed with the suggested roadmap (starting construction in 2026 and data taking in 2029), the SPSC would
expect to start examining a proposal by 2024

e The technical proposal should be submitted ~ end 2024
e Start construction in 2026 to start taking data after the Long Shutdown 3 in 2029

yré yr7 'I()aaktlig il L
ta ing (one energy point per year X ,B g
~ *Beyond

“Colliders
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http://cds.cern.ch/record/2845376

Conclusions

| hope | have provided a clear and engaging overview of the intriguing new experiment, NA60+.

We welcome additional teams to join the effort! There is still room for impactful contributions in
various areas: gas detectors, MAPS, magnet, trigger systems, and data acquisition (DAQ)
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https://na60plus.ca.infn.it/
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https://na60plus.ca.infn.it/

Conclusions

| hope | have provided a clear and engaging overview of the intriguing new experiment, NA60+.

We welcome additional teams to join the effort! There is still room for impactful contributions in
various areas: gas detectors, MAPS, magnet, trigger systems, and data acquisition (DAQ)
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Backup slides
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Operation conditions for vertex spectrometer

e Based on FLUKA simulations implementing a detailed experiment geometry
® 40 A GeV Pb beam on 5 Pb targets, 106 Pb/s Multiplicity per pixel plane

Non-interacting beam

Upstream MAPS plane

. rom | r MY
(7.1 cm from last target) | ..?WHJ‘“ . Pb-Pb interactions
Ww

I il
0 200 400 600

PixStnl
PixStnl

Most “exposed” sensors
get a 10-15 MHz rate:
20-30 MB/s data
throughput

Fluences up to 107/s close to the beam axis

Significant contribution from 6-ray
production (upward bent by dipole magnet)
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(Di)muon detection performance

e Detector performance studies:
o based on a simulation framework with a semi-analytical tracking algorithm (Kalman filter)
o  FLUKA for background studies

QGP (m>1 GeV/c?) e Full phase-space acceptance at dimuon low and

intermediate masses - >1%

o ® Good coverage down to midrapidity AND zero py,
L realized at all energies by displacing the muon
etz spectrometer

p?g(GeV..' )]

50000 -
as000— NABO+ 0,=8 MeV/c?

40000 — () e d VAV

NAGO+
Jhy—=uto f’h\1
;&
F P
35000 — i &t

30000 =

dN/dM per 3 MeV/c?

- 25000
Py {Ge¥it] 200005
. . 15000 =
{ The mass resolution for resonances varies from < 10 +0000E-

MeV (w) to ~30 MeV (J/y): 50007

O Factor >2 improvement with respect to NA60 Ty T 6 2. 36 38 4
M [GeV/c?] M, (GeVic?)
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Dimuon detection performance: NA60 vs NA60+

e Detector performance studies:

o Simulation framework tested simulating NA60 = results in according to what was obtained by

NA60 . .
® The mass resolution for resonances varies from < 10

MeV/c? (w) to ~30 MeV/c2 (J/Y):
NA60 0,721 Mev/c? O Factor >2 improvement with respect to NA60
SRR (21 MeV/c?)

NA60+ 0,=8 MeV/c?
w—>uu

dN/dM per 20 MeV/c?

~
3)
g 8
>
O]
>
)
s
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o
=
o
=
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In-In Vs=17.3 GeV NA60
No centrality
selection

Pb-Pb Vs=8.8 GeV NA60+
0-5% central collisions

86 065 07 075 08 08 09 095 1 6 065 07 075 08 08 09 095 1
M [GeV/c?] M [GeV/c?]

~
o
A
>
v
=
o
~
=
[}
o
=
)
i
=
°

dN/dM per 10 MeV/c?

® Dimuon spectrum comparison = similar signal-to-
background ratio but:

opposite sign pairs n oppos.ite sign pairs
combinatorial background combinatorial background
i h icti 1 | fake matches - fake matches -
O Higher statistics

T

O Better resolution : ‘615“ 1 15 ' ‘2 25 0.2 04 06 08 1 1.2 1.4 1.61.8 2
. . M [GeV/c? M [GeV/c?]
o Centrality selection (0-5%) eesies
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D-mesons performances studies

Fast simulation:

D-meson: signal simulated with p; and y distributions from POWHEG-BOX + PYTHIA
Combinatorial background: i, K, p with multiplicity, p; and y shapes from NA49

Particle transport: carried out in the VT, with parametrized simulation of its resolution
Track reconstruction: Kalman filter

D-meson vertex reconstructed from decay tracks
Geometrical selections based on decay vertex topology
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pointing angle 0

DO in central PbPb:

e initial S/B ~107
e after selections S/B ~0.5

sccondary vertex
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Charmonium R,,

Significance no

Pb-Pb, 0-20%

Lab energy
—e 50 GeV ® 10% anomalous suppression
100 GeV g signal detectable at 3o for
—e— 150 GeV
E.5>100 AGeV

® 20% anomalous suppression
signal detectable at 3o for
E..p>50 GeV

25 30 35 40
Anomalous suppression (%)
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P(2S) in pA+AA

Good charmonium resolution (30 MeV for J/Y) will help (2S) measurements:

Assume
e stronger suppression for (2S) than J/{

—
<
N

P(2S)/P measurement feasible down to
E., ~ 100 GeV
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b
!
=
S
o
0
—~
n
§
>
b
s
1
[0}
8
>
o
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NABO+: JIy, y(2S) > W'it, E,,. = 100 GeV !_ower_E}ab would require Iar_ger beam
e p-A, 510" p on target intensities/longer running times
® Pb-Pb, 10'? Pb on target
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Counts / 0.91 MeV/¢?
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Hyperons and strangeness

Pb-Pb |s,, = 8.8 GeV, centrality 0-5%
T oA 4T sp+m 4K, p.>0.0 GeV/c
S = 3807045 + 22527
S/B =1.91£0.01
Signif. = 1581+ 10

1.32 1.33 1.335
m (GeV/c?)

Pb-Pb |s,,, = 8.8 GeV, centrality 0-5%
=R 4+ P4 +K, p >0.0GeVic
S=179193 + 857

S/B =0.381+ 0.002

Signif. = 222 + 1

1.33
m (GeV/c?)

* Hyperon decays simulated with EVtGen, decay products
propagated in the VT using the fast simulation of NA60+
e Background from hadron production of NA49 results

e Channels studied:

and charge conjugated

* Topological selections applied

« BDT employed to enhance the significance of the signal

* Among the variables:
o Product of the impact parameter of decay tracks,
o Distance of closest approach between the decay tracks
o Decay length and the cosine of the pointing angle

Alice Mulliri - INFN 2024 - 26 February 2024

27




NAG60 vs NA60+

Toroidal Muon wall

magnet il

Some important improvements:

Physics program extended to lower energy:

Pb/p v * fundamental to explore rare probes in high-pug region
heso AL mi— Larger angular acceptance

- . « cope with lab rapidity shift when varying energy down
Hadron GRS to low SPS energy

absorber Access new observables (open charm etc.)

* NA60O: (di)muon trigger ~ 5 kHz

«  NA60+: MB trigger (>100 kHz)

State-of-the art detectors
* Pixel size: from 50x425 pum?2(NA60) to 30x30
Hm2(NA60+), thinner sensors (from 2% to
0.1% X,)
e improved resolution and signal over
background: from 21 to 8 MeV at the w mass
from 70 to 30 MeV at the J/Y mass

Dipole
magnet

Muon Spectrometer

Toroidal
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NA61 vs NA60O+

NA61

Year Beam #days #events #D°+D% #D*+D")

2022 Pbat150AGeV/c 42 250M 38k 23k
2023 Pbat150AGeV/c 42 250M 38k

2024 Pbat40A GeV/c 42 250M 3.6k

N.B.: different assumptions for open
charm cross section

NAG60+

Pb-Pb, \'s\,=17.3 GeV, centrality 0-5%

1e+11 MB events

D° — K, pT>0

S = 3368292 + 3332
B (36) = 6759510 + 941
S/B (3c) = 0.4983

Signif (3c) = 1058.4 + 0.9 Assumption: 6., = 5 b

1.9 1.95 2
Inv. mass Kn (GeV/c?)
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Integration, beam and radioprotection studies

Studies based on FLUKA geometry of the NA60+ set-up

H*(10)(1e7 Phispill, 160A GeV, 40 s, 2 spills), y [-50;50], shield 19
. IR G Ui, ——=
i Concrete i L !
Top view *W‘ mlll'ﬂ 3 8um
vl A

{ '

e Installation on a surface zone implies strict e - -
requirements on radiation safety
e Dose has to be: 5. Conclusions: Feasibility Evaluation and Cost Estimation
0) <3 }J.SV/h in permanent Workplaces The potential integration of the NA60+ experiment in user zone PPE138 of EHN1 has been
external to the experimental ha” examined concerning beam physics requirements (Chapter 2), the infrastructure integration

. . (Chapter 3) and radiation protection (Chapter 4). The experiment is deemed to be feasible
o <15 |J.SV/h in low occupancy region = A with regard to these aspects. The aspects of general infrastructure, detector design, data

tthk ShIEIdlng is necessary| acquisition and analysis as well as the physics reach have not been evaluated.
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